A versatile apparatus for optical investigations of phase transitions in plate-like crystalline samples in adjustable temperature gradients is described. It conveniently allows the generation, movement and observation of phase boundaries. Some details of its application to investigating phase transitions in lead phosphate and barium calcium titanate are also given.
Introduction
Investigations of phase transitions in the solid state are always of interest in solid-state physics, mineralogy and crystallography. A very simple, but powerful, analytical method is optical examination of phase transitions in a sample between crossed polarizers. Normally, a polarizing microscope, equipped with a heating/cooling stage, is used for such investigations.
In many cases, it is desirable to control the shape and orientation of the phase boundary, e.g. to achieve a better quality of the newly generated phase. Using a conventional heating/cooling stage it is not possible to guarantee a straight phase boundary in the appropriate direction. In this paper we present a variation of the heating/cooling apparatus for optical examination of samples in variable temperature gradients.
Experimental set-up
The temperature cell is located in a quartz glass tube (inner diameter 45 mm). It consists mainly of two copper blocks facing the sample on opposite sides, as illustrated in Fig. 1 . Each copper block is equipped with a heater consisting of a ceramic tube and a heating wire (Kanthal). The quartz glass tube is penetrated by a cold gaseous nitrogen stream. The nitrogen serves as an inert gas, coolant and heat conductor between the copper blocks and the sample.
In a first approximation, the heat conductivity is constant in the whole sample. If the cross-sectional area is constant, we can assume a constant temperature gradient in the sample determined by the temperature difference of the copper blocks and the sample length. To avoid heat loss from the sample in the middle of the copper blocks, the sample is located in a small chamber separated from the outer volume by four glass slices. Two small holes in one copper block ensure gas interchange between the sample chamber and outer volume. ~.;. 1998 International Union of Crystallography Printed in Great Britain -all rights reserved Three threaded rods make it possible to adjust the distance between the copper blocks and the sample. Additionally, they ensure the power supply for both heaters.
The temperature is measured at four different positions: at both heaters and near the copper/sample contact faces. Because of the heat capacity of the copper blocks, the temperature oscillations near the sample are about ten times smaller than those near the heaters (0.5 and 0.05 K, respectively).
The electronic equipment is illustrated in Fig. 2 . It mainly consists of two PID controllers (Eurotherm 94C, each of them connected to a thyristor Eurotherm 425A) and a PC equipped with a 14 bit A/D converter board. The PID controllers communicate with the PC via the serial interface RS-232. The communication is bi-directional, i.e. the values of the heater temperature are transmitted from the PID controllers to the PC, while new commands (e.g. new setpoints or PID parameters) are transmitted from the PC to the PID controllers. The controllers are capable of driving a temperature ramp with a constant heating/cooling rate.
To record the temperatures near the sample, the resistance of the PT100-RTD has to be converted to a defined voltage before it can be sent to the A/D board. The optical equipment simply consists of a three-lens objective (focal length 50 mm, lens diameter 40 mm), a diaphragm, two polarizers (coupled for synchronous rotation) and a video camera (S-VHS, with 10x zoom).
Specifications
Compared with a conventional heating/cooling stage, the arrangement described here has several specific advantages. Definable temperature gradients, heating/cooling rates and moving velocities of the phase boundary can be achieved.
It is possible to investigate plate-like single-crystalline samples up to 15 x 10 x 5 mm in a temperature interval of 180-670 K. The temperature gradients can vary from nearly 0 to 100Kcm -1. The programmed PID controllers allow temperature ramps from 6 K h -~ up to 1 K s -1 in steps of 0.6 K h -1. The phase boundaries can be moved with variable velocities down to 6 mm h -1 (at a gradient of 10 K cm-~). Even slower moving can be realized using larger gradients.
Linear extended phase boundaries can be generated in most samples if some conditions are fulfilled. The sample should have a (at least nearly) constant cross section to ensure a constant temperature gradient in the sample. There must not be any heavy distortions in the sample, e.g. cracks or cleavages, because the heat flow must not be disturbed.
Using this temperature cell, we can investigate samples in various ways. First, we can observe the shape of the phase boundary and its influence on the quality of the newly gener-ated phase (in analogy to crystal seeding from the melt). Next, we can examine the generation and modification of domains in ferroelectric and ferroelastic phase transitions. Moreover, it is possible to anneal samples in static temperature gradients (e.g. for the investigation of structural miscibilitv gaps: see Leute & Wulff. 1992) . Of course, there arc some disadvantages, too. Generally, it is necessary to prepare new samples for every observation direction and every direction of the temperature gradient. The possible optical magnification is limited because of the relatively large distance between the sample and objective lens.
These streaks are thought to be ferroelectric domains with another orientation of the spontaneous polarization in relation to the tetragonal phase. They are generated as a result of the decrease of the coercive field near the transition temperature. After cooling, the domain pattern came back and caused a corrugation of the sample.
Application to Pb3(PO4)2 and Ba0.773Cao.227TiO 3
Lead orthophosphatc undergoes a phase transition from the paraelastic high-tempcraturc phasc with spacc group R3m to the ferroelastic phase with space group ¢:2/c at 454 K. In Fig. 4 the observation direction is perpendicular to the main cleavage plane ((X)01) Hr. The sample thickness is about 120 p.m. The high-temperature phase in the right of the picture is extinct betwccn crosscd polarizers whilc the thrcc possiblc orientations of the low-temperature domains can bc distinguishcd by their interference colours. The long dimcnsion of the picturc is about 5 mm. A sharp phasc boundary can bc obscrved. In the left-hand side, the temperature dependence of the birefringencc is clearly demonstrated: the interference colours vary from dccp purple to bright yellow due to the relatively large temperature gradient of about 60 K cm -~. The cooling rate was -2 K rain -l Bao773Cao.227TiO3 is a congruently melting mixed crystal with a perovskite structure (Schetter et al., 1997) . It undcrgoes a phase transition from Pm3m (paraelectric high-temperature phase) to P4mm (fcrroclectric room-temperature phase) at ~383 K. In Fig. 5 the cubic phase is again dark between crossed polarizers. Hcrc, the picture dimension is about 8 mm. The sample thickness is 150 p.m. Thc tcmperature gradient was 20 K cm -t, the heating rate 5 K min -~. Note that the phase boundary is not exactly pcrpcndicular to the temperature gradient, in contrast to Fig. 4 . The brightened area in the cubic phase near the phase boundary indicates piezobirefringence due to large mechanical stress generated by the lattice mismatch of both phases. During heating, there are narrow streaks coming from the bottom of the sample. They are generated at a constant distance from the phase boundary.
Summary
The list of substances investigated includes displacive phase transitions in Pb3(PI-,V~O4)2 (x : 0...0.3), KNbI_,Ta~O~ (x = 0...0.4), Ba~_~Ca,TiO3 (x = 0...0.23) as well as reconstructive phase transitions in potassium nitrate, caesium sulfamate and lithium potassium sulfamatc.
In all substances with displacive phase transitions (and also in potassium nitrate) it was possible to observe linear extended phase boundaries. Especially in steep temperature gradients (>30 K cm ~) the phase boundaries became exactly perpendicular to the heat-flow direction. In contrast, the phase transitions in caesium sulfamate and lithium potassium sulfamate did not show sharp phase boundaries, although it was possible to distinguish the various phases by their appearance.
The apparatus described here can be used to investigate phase transitions at varying conditions. It can effectively supplement thermoanalytical investigations of phase transitions as well as traditional characterization by means of a polarizing microscope.
